In the expanding context of device miniaturization, forming processes of ultra thin sheet metals are gaining importance. Numerical simulation of these processes requires accurate material modeling. In this study, both the phenomenological modeling approach and the crystal plasticity finite element method (CPFEM) are considered. Theoretical definitions of both models, numerical implementation as well as their parameter identification procedures are outlined. Subsequently they are compared on a one to one basis, mainly with regards to their ability to predict mechanical responses for a variety of strain loading paths.
Introduction

1
The current trend for product and device miniaturization has promoted 2 micro-scale manufacturing processes. The demand for microparts has signif- As sheet metal forming involves large strains and material rotation, the 160 constitutive equations need to be written in a finite deformation framework. The following relations were implemented in the SiDoLo software (Cailletaud 162 and Pilvin (1993)) which enables model development and inverse material pa- constitutive elastic relation is written in an incremental form
where σ is the rotation-compensated Cauchy stress tensor, C is the isotropic 173 elastic modulus tensor which is expressed using the Young's modulus E and
174
Poisson's coefficient ν while D e is the elastic part of the strain rate. The 175 small-strain like splitting of the strain rate is assumed, leading to the follow-176 ing rate expression:
where D is the total strain rate and D p its viscoplastic part.
178
The material is assumed to behave elastically in a domain bounded by a yield 179 surface defined by
whereσ is the equivalent stress, X is the tensorial internal variable pointing 181 to the centre of the yield surface which is used to model kinematic hardening,
182
and R is the isotropic hardening.
183
The viscoplastic strain rate tensor D p accounting for plastic flow at yield is 184 derived from a Norton-like viscoplastic potential Ω and the flow rule is then
185
expressed by
The stress potential Ω is expressed as
where f + is the positive part of f, K v is a weighting coefficient of the viscous 188 contribution and n v a strain-rate sensitivity coefficient.
189
Isotropic hardening is chosen as:
where n r is a material parameter, σ sat is the saturation stress, σ 0 the initial 191 yield stress, C R the saturation rate and p the cumulated viscoplastic strain 192 defined by
The so-called back-stress tensor X is written as the sum of Frederick law terms with a Prager type term in order to achieve a good 195 description both at larger strains and at the onset of plastic flow during 196 reverse loading. The resulting expression is 
206
The equivalent stress can be expressed as:
where T = σ − X and T = deviator (T).
208
M is the fourth order tensor inducing the anisotropy and writes in the ma-
209
terial orthotropic frame :
where F, G, H, L, M and N are the anisotropy parameters. transformations. The equivalent stress is expressed as:
The functions ψ k are first order homogeneous, positive, convex with respect 216 to their argument and defined by:
218
and ψ 2 = 3 
and where the anisotropy parameters are embedded in the symmetric fourth
224
Thus through the two linear transformations, twelve parameters c the simulations throughout the current investigation.
235
The viscous contribution to material behavior is assessed by the increas- two parameters needs to be identified.
260
In order to achieve a good description of the overall experimental database 261 with a single parameter set, the following strategy was used:
262
• initial isotropic hardening parameters and a yield stress, σ sat , C R , n, The resulting material parameters for the phenomenological model are listed
274
in Table 2, Table 3 and Table 4 . Up to three Armstrong-Frederick kinematic hardening terms had to be 276 added to achieve an accurate description as suggested in Chaboche (1991). 
n r 5080 243 44.8 0.1 2190 52 336 2820 0.23 1.21 The material presents a noticeable stress anisotropy as tensile strain-stress The alternative modeling framework adopted in this work is based on the 295 rate-dependent theory of crystal plasticity. The rate-dependent or viscoplas-296 tic formulation was adopted as the material presents a certain strain rate 297 sensitivity as shown in Fig. 3 but also because of its numerical efficiency and 298 robustness when compared to rate-independent formulation. 
305
The classical multiplicative breakdown of the deformation gradient is adopted:
where F p represents plastic deformation of matter through the lattice result-
308
ing from shearing along activated slip-systems and F e corresponds to crystal 309 lattice rigid rotation and its elastic stretching while all slip movement is as-
310
sumed to be frozen.
311
The velocity gradient L =Ḟ · F −1 can then be expressed as:
The velocity gradient in the intermediate configuration L systems were considered for the studied copper alloy of FCC structure.
319
The rate of deformation D and spin W tensors, which are the symmetric 320 and skew-symetric part of the velocity gradient L, can be splitted in elastic 321 and plastic components as: 
Plastic flow occurs on a slip system if the resolved shear stress τ (s) exerted 331 on this system is greater than its resistance to slip, the critical resolved c . The resolved shear stress is calculated with the generalized
333
Schmid law:
According to the rate-dependent formulation, the slip rates can be explicitly 335 computed by the plastic flow rule
whereγ (s) 0 is the reference shear strain rate and n is the strain rate sensitivity 337 coefficient.
338
If one assumes an hypoelasticity formalism, the constitutive equation in the 339 global frame can be written in terms of the rate of deformation tensor and 340 its work-conjugate stress measure Kirchhoff tensor τ as:
whereτ e is the Jaumann derivative of stress based on crystal lattice spin
342
tensor W e and C is the elastic modulus tensor.
343
When considering the Jaumann stress rate related to the spin tensor W, this 344 equation can be rewritten in terms of Cauchy stress as:
whereσ stands for the time derivative of σ.
346
As straining occurs, material properties evolve. The common generic hard- 
354
The hardening matrix used in this work reads: 
Finite element implementation
363
The elastic-viscoplastic CP model was further implemented in the FE 364 code ABAQUS/Explicit. In this code, the default coordinate system is the 365 corotationnal frame (Hibbitt (1992) ) associated with the Green-Naghdi ob-366 jective derivative. This frame is generated by the rotation tensor R calculated 367 from the polar decomposition of the deformation gradient:
where U is the right stretch tensor.
369
Thus for crystal plasticity implementation, three coordinate systems should to ensure that computed rotation matrices remain orthogonal.
393
In the remaining part of the paper and unless specified otherwise, quantities • Initialise rotation matrix from CACS to MECS O t=0 = Q 0
• Update (for s=1..12)S • Updatẽ
• Update (for s=1..12) τ 
20
be performed.
403
The numerical microstructure was generated using a Laguerre tessellation 2015)).
410
The orientations attributed to the grains were obtained following a two step 
420
Periodic Boundary Conditions were applied to the virtual volume elements.
421
Tensile tests were simulated on cuboid volume elements of increasing size 422 with 100, 200, 300, 400, 500, 600, 700, 800 grains in order to determine the 423 required size to be representative of the macroscopic behavior. Again, the 424 studied sheet metals were purposely chosen with enough thickness grains to 425 enable analysis with both phenomenological and CPFEM based models.
426
The macroscopic stresses and strains were obtained by averaging the corre- is not taken into account in any of the models. 
) n 100 700 175 1.4 0.001 50. The simulated curves match closely with the experimental ones as can be 456 seen in Fig. 12 and Fig. 13 , both in the elastic-plastic transition zone and 457 at higher strains, even though a little deviation arises at the very end of the 458
90
• /RD curve.
459
Thus, using hardening parameters calibrated on a single tensile test in the 460 RD, a good description of stress anisotropy was achieved with the CPFEM 461 approach as the texture was accounted for.
462
The CPFEM model's predictions under balanced biaxial tensile loading are 
474
In order to more accurately describe material response during strain rever- 
where the modal of the distribution τ hom 0 is chosen equal to the previously 486 identified initial critical resolved shear stress τ 0 .
487
The latter approach proved successful for pre-strains up to 20 % as can 488 26 be seen in Fig. 17 . However when the pre-strain is larger, the model still
489
underestimates the Bauschinger effect and permanent softening induced.
490
These results tend to show that intergranular stress inhomogeneity may 
and 90
• with respect to the rolling direction.
502
The identification procedure was simplified accordingly :
503
• isotropic hardening parameters and a reference yield stress were iden- 
507
• anisotropy parameters were identified on the considered database
508
Calibration of the models was conducted as previously, with the SiDoLo 509 software, and the obtained parameter sets are given in Table 7 and Table 8 .
510
Then, the entire set of tests was simulated with this new set of parameters.
511
F G N σ 0 σ sat C R n 1.27 1.14 2.94 316 5780 0.11 0.55 As expected, this time the predictions of both models were less accurate. were not rendered as expected.
541
The simulations were made at every 5
• from the RD for the sake of completeness.
556
The CPFEM model predictions were also in good agreement with experimen- tal data and this model gave the best description in the case of the reduced 558 database.
559
Ultimately, the Bron&Besson model calibrated on the extended database pro- damentally on material microstructure and texture input in the present case.
571
As a result, only 3 parameters had to be adjusted. 
